Simple structures of MnX binary compounds, namely hexagonal NiAs and zincblende, are studied as a function of the anion (X = Sb, As, P) by means of the all-electron FLAPW method within local spin density and generalized gradient approximations. An accurate analysis of the structural, electronic and magnetic properties reveals that the cubic structure greatly favours the magnetic alignment in these compounds leading to high magnetic moments and nearly half-metallic behaviour for MnSb and MnAs. The effect of the anion chemical species is related to both its size and the possible hybridization with the Mn d states; both contributions are seen to hinder the magnitude of the magnetic moment for small and light anions. Our results are in very good agreement with experiment -where available -and show that the generalized gradient approximation is essential to correctly recover both the equilibrium volume and magnetic moment.
I. INTRODUCTION
The renewed interest in diluted magnetic semiconductors 1,2 as promising materials for innovative spin-based devices, is motivating studies in many related materials. In fact, the addition of the spin degree of freedom to conventional electronics know-how is paving the way to the appealing field dubbed "spintronics". In this work, we show results obtained from first principles FLAPW calculations for Mn compounds. In particular, we look at the structurally simple binary compounds, MnSb, MnAs and MnP, and perform full optimization of the structural parameters in the hexagonal ferromagnetic NiAs phase, as well as for the more simple zincblende structure. We remark that MnP is not stable in the NiAsphase; however, its equilibrium phase (namely the MnP-type) has a crystal structure which slightly distorts from the NiAs. Moreover, while MnSb and MnAs are both ferromagnetic in their equilibrium structure, MnP shows a complex antiferromagnetic helical alignment at low temperatures (below 47K), is ferromagnetic between 47 and 291K and paramagnetic at higher temperatures 3 .
The goal of the present work is to shed light on how i) different coordination (i.e. distorted octahedra in NiAs-type and tetrahedral in zincblende) and ii) different bonding properties (along the series MnSb, MnAs and MnP) affect the structural, electronic and magnetic properties of these Mn compounds. Moreover, we focus on how well the investigated properties are reproduced within the local spin density (LSD) and generalized gradient approximation (GGA). None of the investigated compounds is stable in the zincblende structure; however, since Mn often substitutes for the group III element in III-V compounds, it is interesting to understand and compare the electronic and magnetic properties of Mn in this coordination. In addition, it is well established that the zincblende diluted Ga 1−x Mn x As system is stable for concentrations up to x=7% and recent experiments 4 on the MBE epitaxial growth of MnSb (in the NiAs phase) on GaSb reported the presence of another magnetic phase showing an anomalous Hall effect -attributed to clusters of zincblende (Ga,Mn)Sb.
The paper is organized as follows: in Sect. II we describe few details of the calculation;
we discuss results regarding the structural, electronic and magnetic properties on Sect. III, IV A and V, respectively. Finally, we draw our conclusions in Sect. VI.
II. METHOD
All calculations were performed using the all-electron full-potential linearized augmented plane wave (FLAPW) method 5 within the local spin density approximation to density functional theory. In order to check the accuracy, we performed structural optimizations using both LSD as parametrized by von Barth and Hedin 6 and the generalized gradient approximation (GGA) as proposed by Perdew and Wang 7 . We used the following muffin-tin sphere radii R M n , R Sb = 2.40a.u., R As = 2.0a.u., R P = 1.9 a.u.; well converged LAPW wavefunctions were achieved using a plane-wave cutoff k max = 3.0 a.u., resulting in about 300 basis functions (in the unit cells described below). Inside the muffin-tin spheres, we used an angular momenta expansion up to l max = 8 for the potential and charge density representations; the same value l max = 8 was used for the wave-function expansion. Integrations over the irreducible Brillouin zone wedge were performed using 24 k-points according to the Monkhorst-Pack scheme 8 ; the accuracy of this mesh has been checked by comparison with results obtained with higher numbers of inequivalent k−points.
III. STRUCTURAL RESULTS
Our results are summarized in Table I and Table II Let us now consider the same compounds in the zincblende structure. We think it is worthwhile stressing the relevance of this point, since many of the novel magnetic semiconductors proposed so far are compounds derived by their parent non-magnetic semiconductor in this latter phase, in which even large concentrations (up to 50% 16 ) of cations have been substituted by Mn. As a result, the final coordination of the Mn atoms is strictly tetrahedral.
Our results obtained using the GGA approximation are reported on per MnX pair) scales with the anion ionic radii in both phases, and it is always larger in the zincblende phase (see also Fig. 1 ). In particular, we remark that while the Mn-anion bond length is very similar in the NiAs and zincblende phase (only 4% larger in the cubic phase), the Mn-Mn nearest neighbour distances are very much larger in the zincblende phase
.99, and 3.75Å for MnSb, MnAs and MnP, respectively). These large distances favour ferromagnetic alignment and the direct exchange interaction, leading to an enhanced magnetic moment. It is very interesting to note in Table II In order to show the stability of the different phases, the total energy behaviour versus volume/formula-unit is plotted in Fig.1 . On the same plots we also report the total magnetic moment as a function of the volume. In all the compounds analyzed, the NiAs-phase is more stable than the zincblende phase by more than 0.7 eV per formula unit. In addition, the zincblende structure shows a larger equilibrium volume with respect to the NiAs phase (30% in MnSb and 25% in MnP) joined by a parallel increase in the magnetic moment per cell.
However, the NiAs phase remains the most stable over a large range of pressures showing that even at the most favorable growing conditions for the zincblende phase, the NiAs phase may segregate forming clusters, as found, for example, in the growth of (Ga,Mn)As at Mn concentrations higher than 7 % 2 .
IV. ELECTRONIC PROPERTIES A. NiAs phase
We now discuss the electronic properties of the MnX compounds in both phases. In In order to complete the discussion of the electronic properties, we compare our calculated GGA results with available photoemission data and other calculations in Tables III and IV. The agreement between experimental 20 and theoretical data is noticeably improved by the present GGA calculations in MnSb, for which there are detailed ARUPS data available;
we expect that the same agreement might hold for the other compounds. For MnAs, we compare with UPS spectra 21 which, however, are not very detailed; experiments find a broader Mn d band with respect to MnSb centered around 2 eV, and this is consistent with our calculation. Also, the tail structure observed in the MnAs case at 4-6 eV below E F is consistent with our PDOS (not shown) which shows a broadening due to p − d hybridization in-between MnSb and MnP case.
For MnP, we can compare with recent UPS and IPES data 3 which find (for the real MnP-type structure) a broader Mn d band compared to Sb, a small peak at -0.4 eV and broad structures at -2.6, -6.4 and -10 eV. These data match very well the features found in our calculations and shown in Fig.4 : very close to E F we find a small feature related to
Mn d states hybridized with P p states corresponding to the band crossing E F and which is very flat at the A point (compare with Fig.2 ). At higher binding energies (from E F down to 3 eV) the Mn d contribution is predominant while the feature at 6 eV, according to our results, has to be ascribed to P p states. In agreement with our calculations, photoemission experiments find a much smaller d exchange split energy (i.e. the energy distance between occupied and unoccupied d states) in MnP compared to MnSb (about 2 eV and more than 3 eV in MnP and MnSb, respectively).
We point out that after including relativistic corrections, namely spin-orbit coupling, on MnSb (where it is expected to play the most important role), we found that the energy splitting for the bands with higher Mn p content was of the order of 0.5 eV. However, the energy levels involved (mainly the Mn d states hybridized with Sb p states) are at energies far from E F and therefore do not affect effectively the magnetic moment or the exchange interaction among Mn d states, as we will see below. Therefore, we did not explicitly consider the spin-orbit coupling on the bands shown, since this would greatly complicate the plots and the discussion of the band structure without really changing the overall physics.
B. Zincblende phase
We now discuss the electronic properties of these same compounds in the zincblende phase. The band structures are reported in Fig. 3 mainly anion p character are above E F and show a very wide dispersion so that in all three compounds they give rise to electron pockets at the zone boundaries (namely at X and L).
As expected, the exchange interaction is larger for the non-hybridized Γ 12 states and follows the same trend with hybridization as previously discussed for the NiAs phase: lighter anions have deeper lying p levels (and are therefore closer in energy to the Mn 3d states) so that they allow for greater hybridization. In fact, we find that while the p/d occupation ratio is about 0.06 for MnSb, it becomes 0.13 in MnP. This leads to a broader Mn d band and significantly lowers the exchange interaction along the series, as shown in Table V .
In all cases, however, the exchange splitting is higher than in the corresponding NiAs We can compare our results for zincblende MnAs with a photoemission study 22 performed on cubic Ga 1−x Mn x As. We find that the main features are nicely reproduced in our calculation for x=1; in particular, we find a quite broad Mn d band centered at around 2.5 eV and features around 5 eV below E F that are related to As p -Mn d hybridization.
Our calculations, however, do not reproduce the satellite state at 6 eV below E F that seems to be related to many-body correlation effects. However, if we look at the exchange splitting for the Γ 12 state (3.4 eV) we find that it is remarkably close to the Coulomb repulsion value (U= 3.5 ± 1.0 eV) obtained 22 by fitting the experimental data with a configuration interaction (CI) MnAs cluster model. Moreover, an estimate of the p − d hybridization (the pdσ = 1.0 ± 0.1 eV parameter fitted in the CI approximation) can be obtained from our calculation by looking at the width of the Γ 15 state at the zone boundary ( 1.16 eV) where the lower split band gains more p weight. Although our values are calculated in the very high concentration limit, the agreement with experiment should not be very surprising since the quantities we have been looking at are really characteristic of the Mn-As bond and are therefore expected not to be affected by the presence of Ga.
V. MAGNETIC PROPERTIES
The calculated magnetic properties within GGA are reported in Table VI at the equilibrium volume for both phases considered. The corresponding values calculated within LSD are not reported, since the equilibrium volumes are not well reproduced; the LSD calculated magnetic moments at fixed volume were always smaller (about 5%) than the corresponding GGA values. We should remark that the values in Table VI take into account the spincontribution only; as already mentioned, in fact, spin-orbit inclusion did not significantly affect the total spin magnetic moment (by less than 0.1 µ B in the Sb case). We also did not consider any orbital contribution to the total magnetic moment 23 or the effect of magnetic anisotropy related to different quantization axes: the effects have been shown 23 to be of the order of 0.04 and 0.02 µ B , for MnSb and MnAs, respectively. We are interested in trends and in understanding how the different coordination may affect the magnetic properties more than in reproducing the exact magnetic behaviour. Moreover, in cubic compounds we expect these effects to play an even smaller role due to symmetry.
As already pointed out, in all structures an opposite magnetic alignment with respect to Mn is present on the anion sites, whose contribution decreases in going from the hexagonal to the cubic structure. This characteristic is confirmed by experimental observations 24 The situation in MnP is by far more complex due to the particular structure and the noncollinear magnetism found in this compound. Looking at the trends along the series Sb→
As → P, Mn shows a higher magnetic moment in the zincblende structure due to the smaller hybridization with the anion p states in this symmetry; as we mentioned earlier, only the Γ 15 state symmetry allows for p hybridization, while the Γ 12 symmetry is not compatible with any p character. This enhances the exchange interaction for these states, whose minority counterpart is found above E F and is therefore almost entirely unoccupied (e.g. MnSb and
MnAs) leading to a nearly half-metallic behaviour.
As a result, we find that there are two different mechanisms that have to be considered when analyzing the trends along the series Sb, As and P: i) a structural effect related to the decreasing anion size and ii) a chemical effect which changes the state hybridization.
Both contributions result in a reduction of the magnetic properties as the anion becomes smaller; in fact, the smaller size leads to a volume reduction and to a consequent smaller Mn-Mn bond length which increases the d-d overlap and reduces the exchange interaction.
At the same time, the p-d hybridization, which is favoured for lighter anions, also lowers the d-d exchange interaction, therefore reducing the resulting magnetic moment. These same contributions are found in both phases and play the same role in both coordinations; however, the zincblende phase is seen to be the most favorable for enhanced magnetic properties since, due to symmetry, it matches both requirements: larger volume and reduced hybridization.
VI. CONCLUSIONS
We presented results on the structural and electronic properties of MnSb, MnAs and MnP in two different coordinations: hexagonal NiAs and zincblende. Our results show that LSD is not well suited to correctly describe the structural properties of these compounds since it severely underestimates the equilibrium volumes. Moreover, at a fixed volume, the calculated spin contribution to the magnetic moment within LSD is about 5% smaller than the one calculated within GGA.
Comparing our calculated results with available experiments, we found very good agreement for the structural properties as well as for the electronic properties: our findings match very closely photoemission data and ARUPS results, where available. Moreover, from a detailed analysis of these compounds in different phases, we were able to establish that the cubic coordination greatly favours the magnetic alignment leading to quite high magnetic moments due to i) lower p-d hybridization, and ii) larger equilibrium volumes.
On the same footing, we found that in the search for suitable compounds with high magnetic alignment, the heavier anions should be preferred since they form compounds with larger volume and lower p − d hybridization.
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